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Abstract. Monovalent ion stimulated ATPase activity from oat (Avena sativa) roots has
been found to be associated with various membrane fractions (cell wall, mitochondrial and
microsomal) of oat roots. The ATPase requires Mg2° (or Mn+2) but is further stimulated
by K+ and other monovalent ions. The monovalent ions are ineffective in the absence of the
divalent activating cation. The ATPase has been described with respect to monovalent ion
specificity, temperature, pH, substrate specificity, and Mg2' and K' concentrations. It was
further shown that oligomycin inhibits a part of the total ATPase activity and on the basis of
the oligomycin sensitivity it appears that at least 2 membrane associated ATPases are being
measured. The mitochondrial fraction is most sensitive to oligomycin and the microsomal
fraction is least sensitive to oligomycin. The oligomycin insensitive ATPase appears to be
stimulated more by K+ than the oligomycin sensitive ATPase.

It was further shown that per gram fresh weight of roots, approximately 0.7 to 0.8 ,umoles
of K' were absorbed per ,umole of K+ stimulated ATP hydrolysis. This result was obtained
for a variety of K+ concentrations and was taken to mean that sufficient membrane associated
ATPase exists to acoount for K+ transport in the oat roots.

It is well known that ion transport in plants
requires respiratory energy *(22, 24, 29). It is also
felt by most investigators, on the basis of kinetic
studies (8, 13), that ions traverse membranes in
association with some type of 'carrier' substance.
However, the actual energy source for transport, as
well as the mechanism of energy transfer to the
transport process itself, are not known. With re-
spect to the energy source, it has been postulated
that either electron transfer phenomena or ATP
could represent the forms of energy utilized in trans-
port processes (29). Unequivocal evidence in sup-
port of either possibility simply does not exist. It
has been demonstrated, however, that ATP can pro-
vide the energy for Ca24 transport in plant mito-
chondria :(7, 17,19, 20), but whether a similar reac-
tion exists at the plasmalemma is unknown. The
fact that oligomycin inhibits ion absorption by roots
(18,,21) at concentrations having no effect on root
respiration (18), suggests that a similar ATP-driven
reaction may occur at the cell surface.

One experimental approach which has clarified
both the nature of the energy source and the nature
of the energy transduction process in animal cells
and tissues has involved the isolation and character-
ization of a membrane associated enzyme which uses
ATP as its substrate .(ATPase) and which is acti-
vated by the ions which are actively transported by
the cells in question (2, 33). Thus it has been found
that in cells which possess a coupled active transport

'The research was supported by grants (GB-2281
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of Na+ and K+, the cell plasma membrane contains
a Mg2' requiring, Na' 4- K+ stimulated ATPase.
The fact that the cardiac glycoside, ouabain, specifi-
cally inhibits the coupled transport of Na+ and K+
and also inhibits the Na4 + K+ stimulated ATPase
clearly illustrates the intimacy of this enzvme with
the transport process (33).

Several recent reports have been made of the
existence of ion sensitive ATPases from plant tissues
(1, 3, 4, 5, 15, 27). Hoowever, the effect of inorganic
ions on the plant ATPase is reported to either
slightlv stimulate or inhibit activity and it is not
clear whether the enzymes being measured are of
sufficient activity to account for the transport of
ions. We have observed a monovalent ion stimula-
tion of an ATPase from oat roots and this report
describes some of our initial findings. The enzyme
exhibits some specificity toward monovalent ions and
it would appear that sufficient K4 stimulated ATPase
exists to account for the observed rates of K4 influx
in roots.

Materials and Methods

The roots from 3 to 5 day old, dark grown. oat
(Avena sativa var. Goodfield) seedlings were used
in all experiments. The dry seeds were placed be-
tween layers of cheesecloth on a stainless steel screen
which was supported by a 4 liter beaker containing
2.5 liters of 1 mm CaCl2. The temperature was
250 ± 30 and vigorous aeration was provided. The
distance between the solution level and the screen
was about 10 cm. This method of growing the
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seedlinigs resuilted in better germiniation and generally
wvhiter, healthier lookinig roots than could be obtained
using the more coniventional solution ctilture method.

Prior to the experiment. the roots wvere excised,
washed 3 timies in distilled wvater and chilled prior to

homogenizing inl an ice-jacketed miortar and pestle.
The r1oots were grouind in a niledium consisting of

0.25 M suicrose, 0.003 \ ED)TA. 1)1l 7.5 with tris.

The (lebris was straiine(l throuighi 2 layers of cheese-

clotlI and various fractions wvere sedimented 1)v
centrifuiging 'at 1°. The fraction referred to as cell
wvall wvas sedinieited at 1 500g for 10 mmll, the mito-

chlondrial fraction between 1500!, for 10 nin andI
12,O000 for 1; min and( the microsonmal fraction was

obtained by centrifuging th-e miitochonidrial suiper-

natant soliutionl at l00,O()Og for 90 min. The cell
wall and mitochondrial fractionis wvere wvashed one

titime with 0.25 -m sucrose and the l)ellets were finally
Zusl)ende(l in 0.25 m sucrose. Foir the total ATPase
distribution exlerilments the washing and suspending
solutions containedl 0.25 m sucrose. 0001 m EDTA.

1)1I 7.5 \with tr-is anId the crudi(le extract and soltuble
fractions Were (lilite(tI \with 0.25 mNslucr1o.s;e to give

the same concentrations of EDTA and tris. as the
memnbrane fractions.

rhe ATPase assay was carr ie(d ouit in a total

volume of 4 ml a1nd the reactionl miixture consiste(d
of ' (the triis salt of AT1 wvas uisedl in all

ex)eriuent.s except those iin(licate( ill the tables)
1)11- 7.5 with tris. anid the va.riouis iolin to be teste(l.
Experiments were initiated by the additionl of ml

of enzyme containing al)proximately 0.1 iug 1)rotein.

Incubations were 15 to 30 mim at 380 in a shaking
water bath. The reactions wvere telriniiated by the
addition of trichloroacetic acid (final coilcIn of %).o
The piroteini was removed by centrifugation and the
Pi liberated fromil ATP was determinied 1v the imiethiod
of Fiske anld Subbarow (12). Protein \vas (leter-

miined accorditig to Lowry ot al. (23).
The extraction and analysis, of p)hosp)holilid was

as described 1l)reviously (16).
Potassiuim influx \w,as deteritliiied uising 56Rb as

a tracer for K` as described p)reviously (6). B),riefly.
the roots ere excise(d and washlied 3 times in dis-

tilled wvater prior to the absorption. The roots
(0.5-1 O ere bound in bags of clheesecloth as

descril)e(l by Epstein oet al. ( Q) aatid hel(d in cold

deionized water uintil initiation of the experiment.

The roots Nvere tllen placed in distilled water at 300
for 45 sec prior to immersing thenm in 1 liter solutions
of variotus concenltrations of KCI (86Rh). The ab-
sorptionl solutions wvere miaintained at 30n and aera-

tion was l)rovidecl. After 30 min of absorption the
oots were rinsedl briefly-in a cold (20) exchange

s;oltution collsisting of im KCI, 0.5
CaSO

an(l theni place(d into 4 liters of a fresh, cold soltition
of the saime composition for ani additional 30 min.
Thie roots were finally rinsed thorotighly ith dis-

tilled! wvater, blotted. wveighed aind aslhed in pllancllets
at 5)000. The ash was nioistenied with 0.25 nil of

P'hotoflo, dried and counted for radioactivitv.
The variouis subcellular membranle fractioins were

lrelared for electrotn microscopy by fixing tile pellets
in ice cold 2 % osmiitium tetroxide for 24 hr. The
samnples Nvere rinised in 2 changes of ice-col(d (listille(I
Nvater atnd theni dehy drated in an ethanol series.
Small pieces ( approximiately I mim2) wvere emibedded
in Epon resin, sectioned anid placed oni bare 400 mnm
mesh grids. Tlhe s;ectiols were thieni exposed to

I % uiranyl acetate for 10 niin, rinised, (Iried. and

fin-ally stained wvith lead citrate for- I and one-lhalf tnin.

Results and Discussion

An inlitial experimiient con.sisted of (letermiiining
the relitive (distribultioni of ATTPase activity in various
suibcellular fractiois the sensitivitv of the
enzvmtle( s) to M,\ g2 la,idK (table 1). These resuilts
illustrate that the nmajority of the total A'T Pase re-

milains in the supernatant after a cenitr-ifulgation of
100, ftOq for 9s0 mil.l ho\ever. this ATPase is slightly
inlhibite(d 1 the \g2- and X. Onl the oth,er hand(l
the miemibranle conta in i ng fractions, i.c., cell all,

militoclolidrial and microsomial fractions. exhibit

A\TPase activity that is activated b1 M\g2^- antid furtiler
sti uilated 1by he Mg-2 is also lpresent. The
K+ alonle hlas little effect onl the ATPase activity

(see table 1I). Of the 3 fractions exhibiting- Mg2+
+_ Kt stimuflated ATPase activity thle mlitochondrial

aind nmicrosomial fractions wN-ere hlighest in specific
activity (table T) witil thle largest amilounilt of total

K stimiuflated activity in the miciroonimal ftractionl.

Tle lack of 1\; stimli1ated ATPI'ase activity in tile

'rable 1. A TIPasc J)istributiot .-Iiioiicl SuibcClliiar FrartitOJis
Reaction systetlm iniclil(led 3 iiNt ATP, 20 nint tris. pH 7.5 an(d when added( 2 mi1\ MtgC'l., and 40 tivsr IKCl. Reaction

timle was 30 miii.

ATPase activity
Cru(le Cell wall Mfito. 'Micro. Super-

Sp. ae. Total2 Sp. ac. Total Sp. ac. Total Sp. ac. Total Sp. ac. Total

Blank 13.0 1035 3.0 6.8 6.8 18.4 6.0 46.6 15.9 1044
Mg2+ 12.7 1010 6.3 14.3 13.2 35.8 15.8 122.6 14.1 926
Mg2+ + KE 15.0 1194 9.5 21.6 22.6 61.2 26.2 203.3 14.3 940

/,Lmoles Pi released per mg protein per hr.
Total Lmoles Pi released per fraction,
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Table II. Effect of Variouis Salts oni the ATPase
Activity of the Cell Wall Fractiont

The reaction mixtures contained 3 mm ATP, 20 mM
tris (pH 7.2) and when added 1.5 mni NIgClG. and 50 mM
monovalent cations. The reaction time was 30 min at 390.

ATPase activity
Stimulation
induced

ColuImIIn A 13 C D by Mg2+
additions -mg Net +mg Net D/BX 100

p,1nolcs 1i /ing pr-ot X hI-
Non(lles 1.74 ... ... ...

MgCl., ... ... 5.02 ...
KCI 2.22 0.48 1).00 4.98 1038
NaCI 2.32 0.58 9.93 4.91 847
RbCl 2.22 0.48 9.55 4.53 944
csCl 2.41 0.67 9.27 4.25 634
NH Cl 2.60 0.86 9.93 4.91 571
l iCl 2.60 0.86 8.68 3.66 426

soluble fractioni has been examiinled in a variety of
ways. The microsomal superniatanit was further sedi-
menited by centrifugin-g at 200,000g for 12 hr and the
ATPase activity of the pellet was found not to be

stimul1ated by either Mg2L or Mg+ + K+. Dialysis
as x-ell as separationls on sephadex were equally
ineffective in demonstratinig any ATPase sensitivity
to Mlg2~or K+.

The degree of Ki stimlllation in the mellmbrane
fractionls (with the blank renmoved the MIg2+ +

KV-/MIg'- ratio varies froml l.5-3) is quite low rela-
tive to some of the Na+ + K+ stimulated ATPases
observed in aniimal nmlembrane systems, ho\\ever, it
is similar inl magnittude to that observed with the
majority of animal systems (33). It will be shown

later, however. that the total K+ activated ATPase
activity is sufficient to account for K+ influx in the
oat roots.

The effect of various monovalent ions on the
ATPase activity of the cell wall fraction is shown
in table II. Although KCI resulted in the greatest
ATPase activity the other salts were also quite

effective. There was sonme degree of specificity .
however, as evident by the percent monovalent ion
stimtulation elicited by Mg2-. Althouglh the evidence
is miieager that Na+ is actively extruded from higher
plant tissuies it seemiied appropriate in light of the
vork with aniimial systemis (32. 33) and algae (25.
26) to deternmine whether Na' and K` effected the
ATPase in a synergistic faslhion. Table III shows
that for both the cell wall anid mitochondrial fractions
Na. is abotut as effective as 1K- in stimutilatin<g the
ATPase. lhowever, no signlificanit beneficial effect
was observed by their simultaneous presence. Al-
thouglh the data are nlot shown here it shouild also
be mentionied that ouabaill has ino effect on the
ATPase activity nolr does it affect the absorption of
K' bv the oat roots.

The K' stimnulate(d ATP1ase activity couild be
demonstrated ill the preselnce of either Mg2- or- Mn2'
buit not ill the presence of Ca2+ (table IV). It was

also founid that Ca2 inhibited the Mg2+ +±K ATPase
activity. Simiilar results are found with the animal
'transport' ATPase (11). Iniidazole was used in-
stead of tris in these exlperiments, hoIwever. nlo ap-
parent difference existed betweeln these buffers with
respect to the K+ stimulationi in the presence of Mg2+.

A variety of commonly emi)loved tissule macera-

tion procedures tusing variouis shearing devices did
not result in significanlt alterationi in the ATPase

Table IV. Effcct of Ca(2 anid Ca2+ Plius K+ on the
.lTPasc qctizvity of the Cell W11all antd

Mitochondrial Fractions
The reaction mixture containied 1.5 nmM ATP and

20.0 nimIi iniidazole (pH 7.8). The reaction time was

60 mim at 390.

ATPase activity
Cell wall Mitochondria

/.ni;oles Pil/ng protXhr
Blank 1.20 1.18
CaCl., (S mal) 2.16 5.38
CaCl, + KCl (50 mi) 2.11 4.35

Table I'l. Effect of Various Coin hiniationts of K+ and NAa+ Contcentrationls (I'n the ATPasc .c-ctivity of the Cell Wall
and Mlitoch?onidriol Fractionis

The concenitrations of various additives (except where indicated) were: 3 mni ATP, 1.5 nmi IgCI.,, 50 nmi KCI,
50 mm N'aCl and 20 nmi tris (pH 7.2). Reaction time was 30 min at 390.

ATPase activity
Additionls Cell wall Mitochondria

jinoles Pil/owg prot X hr
Blanik 1.79 2.88
KCl 2.69 3.39
NaCl 2.35 3.39
MgCl., 4.90 10.20
MgCl. + KCI 8.55 26.40
MgCl., + NaCl 8.14 24.60
MgCl., + KC I NaCl 7.87 27.90
MgCl., + KCl (25 mal ) + \NaCi (25 nmt) 8.41 26.20
MgCl, + KC1 (75 mai) + NaCl (25 nmi) 8.49 27.20
MgCI., + KCl (25 m-r) + NaCl (75 mM) 7.87 27.30
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TIME (MWN.)
FIG. 1. ATPase activity of the cell wall fraction as a

function of time. The reaction mixture contained 3 mM
ATP, 20 mm tris (pH 7.2) and when added 1.5 mM
MgCI, and 50 mm KCI.

activitv. The sucrose and EDTA concentrations, as
well as the pH, of the homogenizing solution were
chosen on the basis of preliminary experimiients which
provided nlaximum K+ stimiulated ATPase activity.
Other additives such as cvsteine acnd deoxycholate
were found to be inhibitorv (and wN-ere therefore not
included in the grinding miiediunm.

Fig. 1 illustrates that the Mg2t and Mg2t + K+
ATPase activities of the cell wall fraction were

2.0-

/~~~~~
1.5-

MgCI2 + KCI

0
1.0 +

MgCI2
0
E

0.5

KCI

0 0.05 0.10 0.15 0.20 0.25 0.30

ENZYME CONCENTRATION(mg PROTEIN)
FIG. 2. Effect of enzyme concentration on the ATP-

ase activity of the cell wall fraction. Reaction mixture
was the same as for Fig. 1 and the reaction time was
30 mill.

linear over a 30 min reaction period. Similar results
were obtained with the nmitochondrial and microsomal
fractions. Fig. 2 shows the effect of enzvme con-
centration (cell wall fr-action) oni the rate of the
reactioni. Again similar results were founiid wvith the
mitochondrial and miiicrosomal fractions. The pH
optimum for the cell wall ATIPase was (luite high,
approximately 8.0 to 8.5 (Fig. 3). Similar results
were also found rvith the mitochondclrial and nmicro-
somal fractions. The high pH optimiumii is in coIn-
trast to the resuilts obtained 'by Brown ct al. (4),
Dodds anid Ellis (5) and Atkinson and Polya (1)
but simiiilar to the report by Gruener and Neumiann
(15). The temperature optinmumiii w-as also quiite
high as shown in Fig. 4, however, this appears to be
a characteristic of ATPase enzymes (14). The inset
in Fig. 4 shows the KI stimulation increases with
increasing temperatures over the entire range studied.
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p H
FIG. 3. Effect of pH on the ATPase activity of the

cell wall fractioin. The reaction mixture contained 3 nmi
ATP. 100 mm tris-tricene (proportion varied with desired
pH) and when added 1.5 mM MgCl. and 50 mm KCl.
Reaction time was 30 min.

Fig. 5 shows the effect of ATP concentration on the
rate of the reaction. The optimum concentration is
about 4 to 5 mnii with higher concentrations being
somewlhat inhibitory. Tlhis, too, is a general char-
acteristic of ATPases and may be due to inhibition
of the enzyme by ADP (14) or possibly by the ATP
complexing the Mg2t (31). Several phosphorylated
substrates were examined to deternmine wlhether other
phosphatases \vere activated by monovalent ions.

MgCI2 +KCI
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FIG. 4. Effect of temperature on the ATPase ac-

tivity of the call wall fraction. Reaction mixture was

the same as for Fig. and the reaction time was 30 min.
The ordinate in the inset shows the ratio of the ATPase

activity in the presence of Mg2+ K+ and Mg2+.

Table V shiows that Na+ (all substrate-s wer-e used as

the Na-salt) causes a significant stimulation of phos-
phate hydrolysis with both ATP and GTP whereas
the release of phosphate from UTP was slightly
inhibited.
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Table V. Effect of Na+ on Pi Release Froml a Varietyof Phosphorylated Substrates Using the Cell
Wall Fraction

The reaction mixture contained 3 mm substrate (Na-
salt), and 20 mm tris (pH 7.1) and when added 1.5 mm
MgCl, and 50 mM NaCl. Reaction time was 30 min
at 39°.

ATPase activity
Substrate MgCl2 MgCI2 + NaCl

Glucose-l-P
p-Nitrophenyl-P
Pyrophosphate
AMP
ADP
ATP
CTP
GTP
UTP

giiioles Pi/mg protXhr
0 0

2.32 3.49
9.18 11.70
2.32 3.49
1.63 2.21
2.79 7.21
1.16 1.51
0.81 325
2.44 2.09

The optimum Mg24 (Fig. 6) concentration for the
cell wall ATPase was about 4 mM; however, with
increasing concentrations of K+ the optimum Mg2+
concentration decreased slightly. The effect of K+
concentrations on the K4 stimulated compon.ent of
the ATPase activity is shown in Fig. 7. For all
fractions examined the ATPase activity increases
rapidly up to about 10 mM K+ and then increases
more gradually up through 40 mM K+.

VVe have previously reported that low concentra-
tions of oligomycin inhibit K+ absorption in oat roots
(18) .. It was, therefore, of interest to determine
whether the ATPase was sensitive to oligomycin.

._C

0

E

0 2 4 6 8 10 0

ATP CONCENTRATION (mM) N
FIG. 5. Effect of ATP concentration on the ATPase FIG. 6. Eff,

activity of the cell wall fraction. The reaction mixture activity of the (
contained 2.5 mm MgCl2, 50 mm KCI, and 50 mm tris was the same a
(pH 7.1). Reaction time was 30 min. 15 min.

2 3 4 5 6

MgCI, CONCENTRATION (mM)
Eect of MgCl, and KCI on the ATPase
cell wall fraction. The reaction mixture
as for Fig. 1 and the reaction time was
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a. +Z C ELL WAL

o s lo10 20 2s 30 35 40

K CONCENTRATION (rmM)

F"IG. 7. Effect of KCl concenitrationi on the K+ stim-
ulated ATPasc activity in the cell wall, ilmitochondrial
aniid iicrosonial fractions. Tile r-eactioni mlixture coni-
tainied 3 nmN.- ATP. 20 mM tris (pH 7.5) and 2 mM
MgCL,. The Mg2' stimulated ATPase activity lhas been
subtracted fromii the data.

Fig. S shlows the effect of oligomvcin concentrations
on both the MIg2- an'd Mg2 I- K- ATPase of the
cell wall fractioil. At 1 g,/ilil oligomvci2the g2
activated AT:Pase -was inhlibite(d by about 50 %
wlh-ereas the Mg2 - K+ activated ATPase wNas
inhibited by only about 25 %. The albsolute amount
of inhlibitionl was basically the samle for the Mg2'
a,n(j rg2 ++ t ATPase which sluggests the existence
of 2 separate enzymes, one reqtuiring Mg2- and
sensitive to oligonivciii ail(I the othler reqluiring both
MIg2+ and 1K' and being insensitive to oligomycin.
in an atteml)t to evalutate this possibility the sensi-
tivity of the Ig2` and Mg K-V K+ ATPase to
oligomycin in all fractions was examinied. The re-
stilts are shown in table VI andl tlley- illustrate that
tlle various fractions wvere (lifferentiallv sensitive *to
oligomillcin. The general distribution of the oligo-
Nvcin sensitivity of the Mg2 ±- K+ ATPase activity

is fulrtlher illuistrated in Fig. 9. The nmitochondrial
fraction is most sensitive to oligomycin and the
miiicrosomIal fractioin is least senisitixve to oligomycin.
These restilts are indeed sti-oestive that at least 2
ATPases are beinig measured.

Becauise of the apparent presence of more thani
1 ATPase in each fractioii it seemiied desirable to
assess the heterogeneity of the various fractions with
the electroni microscope (plates I, II. and III).
Although lnot apparent in plate I, the cell wall frac-
tion was found to conitain, in addition to wall frag-
ments, soime ilitact mnitochionidria as well as empty
vesicles. however, in the case of the miicrosomnal
fractioni (plate III) no initact mito-chondria appear
to be presenlt. TIlle mitochonldrial fraction ( plate
II), in addition to containinig mitocholidria, also
containls somiie vesicIular and spiral-like structures
which coldi l)erllhal)s represent either mitochonldri,al
membranles (28), endoplasinic reticuluim or fragments
of plasma m-embrane of fairly large size. I'late IV

3.0

2.5S

.C
c

E0
a.

E

E

2.0

1.0

2 6 S 10 - 20

OLIGOMYCIN CONCENTRATION (pg/ml)
FIG. 8. Effect of oligomycin on the MgCl, and MgC12

+- KCl stimualted ATPase activity of the cell wall frac-
tioni. The reaction systemiwas the same as for Fig. 1
and the reaction time was 30 min.

Trable VI. Effcct of O/liyooZzycinZ Zlii MIJ)F atd Mg --+ K+ StinmlIatd AT'I'Iasc iii tf/i Cc/I WVall, 11itochondrial.
an,11d Microsomiial Fractions

Reactioni miixture conisisted of 3 nmM A\TP, and 20 mM tris (pH 7.5) and when added 1.5 nmAi MgClI,, 50 mm
IKCl, and 1.25 ,ug/ml oligomvciii. Oligomycin was added in absolute ethalnol andl all treatments contained equivalent
amounts of ethanol. Reaction timiie w-as 30 mimin. The blank ATPasc activitv (i.c. the activity in the absence of
added salts) has been subtracted.

LIine

1 Mg-"
2 Mg'-" + Oligomiiycin
3 Mg2T + K
4 Mg2-' + Kt + Oligomycin

Cell wall

1.38
0.83
4.00
2.51

ATPase activity
Mitochondria

to010cs Pi/mlg protXhr
3.97
2.32
9.87
6.72

MgCI +KCI

rgCItoi/

-BLANK

I lI i lIL_ *I

Microsome

5.86
4.29
12.97
10.43

3930

0.5
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OLIGOMYC IN
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81-
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4
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CELL WALL MITO. MICRO.

SUBCELLULAR FRACTIONS
FIG. 9. The distribution of oligomycin sensitive and

inisensitive Mg2-' + K'ATPase in the various membrane
fractions. See table VI for reaction system.

shows a hiigher magnification of 1 of the spiral-like
strulctuires contaminiating the initoclolldrial fraction.
The absence of the spiral-like structures in tile ilicro-
somie fraction probably meanis tllat tile melimbrane
fragments are sufficiently small in size that they
form only the single memiibrane vesicles. At least
it wvould appear that all fractions do contain a variety
of milembrane struictures and thle existence of more

than 1 ATPase associated with different nlembraile
structuires in each fractioin would he qtuite possible.

At this point in our investigations it is unknown
wN-hether the mionovalent ioIn stimilated ATPase(s)

associated vith the various membrane fractions has
ainy relationlship to ion transport. This being the
case. it seemed desirable to know whether sufficient
monovalent ion stimulated ATPase existed to account
for the absorption of ions by the root. With this
objective in mind we determined. at a variety of Kt
concentrations. the energy dependent absorption of
K4 per gram fresh wveight and wN-ith a separate but
identical batch of roots the total K' stimuilated
ATPase in all subcellular fractions per gram fresh
veight of tissue. In order to determine the total
K+ stimulated ATPase activity. tile Mg24 stinilulated
activity was sulbtraicted fronm the Mg'4 + K+ stimil-
lated activity in eaclh fractioln. andl theln the K+
stimulated ATIPase activities froml each fraction w.-ere

added together. A complicating factor involved in
this type of analysis is determining the extent of
homogenization. In other w-ords. not all membranes

are released during the grinidinig in a* mortar and
pestle. In order to estimnate the extent of membrane
release dtlrinlg grindiing the phospholipid contents of
unground roots anld the crtude homogenates were

determinied. These restilts. assuiming all the phos-
pholipid to be l)resenlt in memlibranes, inidicated that
42 % of the imiemiibraln es wvere released (Iluring the
grinding. (TThe average values fromii the 3 experi-
mntsutse(u in this anl-alysis w7ere 1.46 KJiioles lipid
P/g freslh \-t in uiigroulnid roots atndl 0.62 ,Lmole lipid
P'/g freslh wt ini the cruilde hoillomoelates.) Oni thie
basis of the ph0osp)holip)id data it was thenipossible
to estimliate mliore closely the total K' stimiutilated
ATPase per g fresh weight of roots. These data
for several concenitrationis of K+ are showni in Fig. 10.
The K4 absorbed per K' stimulate(l ATT'ase at all

K' concentrations investigate(l were in tile ranige of
0.7 to 0.S. If one incilu(les only tile oligonlmcini
in sensitive, K' stilimulate(d ATPa se for the calcuila-
tions, the range in values is from 0.89 to 1.14 with
an average valtue for all K' concentrations of 1.04.
If onlv the oligomnycin sensitive ATPase is included
for the calculationis, the range in values is from
2.40 to 3.08 with an average value for all K+ con-

celitrations of 2.81. Now whether this indicates that
sufficielit ATPase exists to account for transport is
debatable since nio (lata exist for lplant tissiles coIn-
cerning ionls traisl)orted per ATP hydrolyzed. How --

ever. for milost anlimal tissiles it has beeni founiid that
2 to 3 nmoles of K` or Na' are transported per mole of
ATP hydrolvzed (32. 34). Using this as a standlard
it wouild seemii safe to conclilde that there is suifficient
K' stiniuilated ATPase to accouin t for the K' absorbed
in oat roots.

26

24 -TOTAL K STIMULATEDATPosE

222

20° 5 +52 S 4

K+ ABSORPTION

Is~~~~~~~~~~~~~~~07

14

(12

FIG. 10. Effect of KC1 concentrations on the absorp-

tion of K~ hy oat roots and on the total K4 stimulated

ATPase of oat roots. The reaction mixture for the

ATPase assay contained 3 mnr ATP, 20 tris (pH

7.5) and 2 mnIi MgCl.. The reaction time xvas 30 min.
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General Discussion

The present study represents an atteml)t to deter-
minie the existence and characteristics of ATPase( s)
frolm plant roots w-hlich llmay participate in ioln tralls-

l)ort reactions. T'he basic filndings are that the
variouIs nielnl)rane fractions examined (cell wall,
ilitoclioncdrial anld microsonmal) (lo possess ATPase
activitv. The ATPases from all imlembrane fractiolls
reqtiire org2or n" bhut are further stimulated by a
variety of nmoniovalent salts. The monovalent salts
are ineffective in the absenice of the activating divalent
cationi. The specific activities of the ATPases in the
various fractions were approximately the samiie, gen-
erally being slightly higher in the mitochondrial and
microsomal fractions. The microsomal fraction,
however, contained more total ATPase activity than
the other fractions. The supernatant remaining after
the microsomal centrifugation was very high in
ATPase activity, howvever, it was not stimulated by
either Mg2° or the monovalent salts. In fact, the
soluible ATPase activity was generally inhibited by
the salts.

The concentrationis of mono-alent salts reuiiiired
to maximally activate the ATPase(s ) were qiiite
higlh (Fig. 7 and 10). WVith respect to a possible
relationship to ion tranisport, these high conlcentra-
tions would be in the range of mechanismi 2 as
described by Epstein (10) and Torri ancd Laties ('35).
Whether a significanit activation occuirs at the lower
concentrationls (their mechanism 1 system), which
becomles satuirated at approximately 0.2 nmMr, has vet
to be determined. Also with respect to a possible
relationship to transport it is encouraging that the
ATPase does exhibit a certain degree of specificity
regarding the monovalent ions (table II). In gen-
eral, the effectiveness of the various ions is similar
to their rates of absorption in roots of other species
(13). However, before a definite relationship) or
correlation between the ATPase and transport canli
be established it will be necessary to dletermine the
actual kinetics of the ioIn stimulations of the enzyme
as well as the kinetics of ioIn transplort for se-eral
different monovalent ions and with 1 particular plant
species.

Oligo;mycin wvas found to inhibit the Ig2: and
Mg,2+ + K+ ATPase activity to (lifferent extents and
the percentage inhibition wvas different in the various
membrane fractions (table A-I and FIig. 8 and 9).
From these results it w\ould appear that we are
dealin,g with more than 1, mlemiibrane associated.
ATPase. On the basis of otlher studies (17) the
mitochondria would be expected to contain an oligo-
mycin inhibited ATPase and tlis fraction was indeed
most sensitive to oligomycin (Fig. 9). However,
the microsomal fraction also contained some oligo-
mycin sensitive ATPase and oln the basis of the
electron micrographs (plate III ) there did not appear
to be any mitochondria contatminiatinlg this fraction.
Thus it is quite likely that a nonl-miiitochonidrial,

oligomvcin sensitive ATPase also exists. ObviouslyI
it is iml)ossible wvith the present data to designate
either the oligomvycini sensitive or inseensitive ATPase
activity as being more likely to be related to ion
transport. Becatuse of the natuire of the oligomvcin
inhibition of ioIn absorptionl in roots (18,21) it was
anticipatedl that a transport related ATPase wouild
be inhibited by this antibiotic. However, from the
results in table VI it can be decluced that the oligo-
mlivciii insensitive ATPase is stimullated more by K'
than is the oligomlvciin inhibited en,zyme. It wouild
lso seemii to be pertinent that this activity was highest

in the microsoimal fraction inasnmuch as the aiiinial
'transport' ATPase also generally sedimenits in this
fraction (33). Wallach (36) has showrn concltu-
sivelv. however, that the microsomal vesicles con-
taining Na+ + K+ ATPase of animal cells were
derived from the plasma membranes.

All the fractions, but particularly th'e mitochon-
drial and microsomal fractions (plates II, III, and
IV), were verv heterogeneous with regard to tvpes
of membrane constituents. The apparently empty
v-esicular structures in botlh these fractions as vell
as the spiral-like structures in the mitochondrial
fraction are of particulal- interest 'since they closely
resemiible isolated bacterial plasma membranes (30).
\V'e are currently attempting to purify these vesicles
using density gradient centrifugation and to exanline
thellm for ATPase activity anid sensitivity to various
ioIns aild oligomvcin.

One of the mlajor differences between the work
reported here anld other reports of ioln stimliulated
ATPases of plant origin (1,4, and 5) is the differ-
ence in pH optima. At present the reasons for
these differences are unknown but it is interesting
that we have found oligomycin to be a more effective
inhibitor at pH /7.5 than- at pH 6.5. Althouggh not
the only possible interpretation, this raises the possi-
bilitv that the oligomvcin sensitive and insensitive
ATPase may have different pH optima. Should this
be the case, the reported differences could perhaps be
reconciled.

Although it is unclear whether the monovalenit
ion stimulated ATPase activities reported here are
in fact related to ion transport, it does appear that
sufficient K+ stimulated ATPase exists in the cell to
accouint for the observed rates of K+ transport
(Fig. 10). Further experiments of the type sholxvn
in Fig. 10. Ising different planlt species which vary
in transport capacity over a wide range. should help
t'o establish whether the enzyme is indeed related to
ion transport.
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FIG. 11. (Upper left). Cell wall fraction. Magnification - X 25,000. See Materials and Methods for techniques
involved in all 4 electron micrograph plates. (Upper right). Mitochondrial fraction. Magnification X 10,250.
(Lower left). Microsomal fraction. Magnification - X 59,400. (Lower right). Higher magnification of the mito-
chondrial fraction showing spiral-like structures. Magnification - X 47,400. This section was unstained.
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